Aging is a universal but poorly understood biological process. Free radicals accumulate with age and have been proposed to be a major cause of aging. We measured genome-wide changes in transcript levels as a function of age in Drosophila melanogaster and compared these changes with those caused by paraquat, a free-radical generator. A number of genes exhibited changes in transcript levels with both age and paraquat treatment. We also found genes whose transcript levels changed with age but not with paraquat treatment. This study suggests that free radicals play an important role in regulating transcript levels in aging but that they are not the only factors. This genome-wide survey also identifies candidates for molecular markers of aging.
A
ging is a biological process universal to eukaryotic organisms, and its underlying mechanisms are under intensive study. Genetic analyses of yeast, nematode, fly, and mouse have uncovered a number of genes, whether mutated or misexpressed, that would increase the lifespans of these organisms (1) . These genes include superoxide dismutase, a free-radical scavenger; methuselah, a potential G protein-coupled receptor, in Drosophila melanogaster; and p66 shc , an oxidative stress-response gene, in mice (2) (3) (4) (5) . Lifespan-related genes in Caenorhabditis elegans include clk-1, a gene involved in ubiquinone biosynthesis, and a group of genes involved in an insulin receptor-like signaling pathway: daf-2, age-1, and daf-16 (6, 7) . Many mutations that increase lifespan also confer resistance to oxidative stress (1) . This finding supports the free-radical hypothesis of aging, which suggests that reactive oxygen species that accumulate with increasing age cause oxidative damage to macromolecules (including nucleic acids, proteins, and lipids) and are causally linked to aging and death (8, 9) . Free radicals have been found to regulate the expression of a number of genes that include antioxidant defense genes involved in repairing oxidative damage, as well as genes involved in inducing apoptosis (10, 11) . The aging process is also accompanied by changes in the expression patterns of a number of genes (12) (13) (14) . How the regulation of gene expression in aging correlates with that in response to oxidative stress, however, is understood poorly.
Materials and Methods
Construction of Microarray. We constructed a microarray containing 7,829 expressed sequence tags (ESTs). This set includes 221 ESTs provided by our lab and 7,608 ESTs generously supplied by K. White (Stanford University, Stanford, CA) and K. Burtis (University of California, Davis). The ESTs were amplified (as described by White et al., ref. 15) , and the DNA was mechanically spotted onto polylysine-coated slides (as described by DeRisi et al., ref. 16 ).
Calculation of Survival Rate and Preparation of Fly Tissues.
Male flies (w 1118 ) raised in standard cornmeal agar medium, were collected within 24 h after eclosion (17) . Approximately 200 flies were maintained in constant darkness in each food bottle at 26-27°C and 60-70% humidity and were transferred to fresh bottles every 3-4 days. To calculate the lifespan, the number of dead flies was counted at the time of transfer. For microarray experiments, different batches of flies were used to extract RNA from the thorax and abdomen. For the aging experiments, flies were collected at 3, 10, 15, 25, 30, 40, and 50 days of age. We had to pool flies that eclosed over a period of 2-4 days, for each of these time points, because only a small percent of flies survived longer than 30 days. The actual ages of flies at 30-, 40-, and 50-day time points were therefore 30-32, 40-42, and 47-50 days old, respectively. For each of the other time points, males that eclosed on the same day were used. For the paraquat experiments, 3-day-old males were fed either 5% (weight͞vol) sucrose or 5% (weight͞ vol) sucrose with 15 mM paraquat for 3, 12, 25, or 34 h after being starved for 6 h.
Microarray Analysis. Total RNA was extracted by using the reagent Trizol (GIBCO͞BRL). Poly(A) RNA was isolated by using oligo(dT)linked Oligotex resin (Qiagen, Chatsworth, CA). Equal amounts (2-4 g) of poly(A) RNA from both reference and experimental samples were used as templates to synthesize fluorescently labeled cDNA probes for hybridization to the microarrays. The RNA was reverse transcribed in the presence of 5-(3-aminoallyl)-2Ј-deoxyuridine 5Ј triphosphate (18) . The reference sample was coupled to fluorescent dye (Cy)3, and the experimental sample was coupled to Cy5. Hybridization was performed in a humidified chamber for 8-12 h at 63°C. Cy5 and Cy3 fluorescence intensities were measured by using GenePix (Axon Instruments, Foster City, CA). A detailed protocol including reagents can be found at http:͞͞derisilab.ucsf.edu͞ index.html. For aging experiments, cDNA from 3-day-old flies labeled with Cy3 was cohybridized with cDNA from 3-, 10-, 15-, 25-, 40-, or 50-day-old flies labeled with Cy5. For paraquat experiments, cDNA from sucrose-fed flies was labeled with Cy3 and cohybridized with cDNA from paraquat-fed flies labeled with Cy5. The differences in transcript levels for an EST were indicated by the ratios of Cy5͞Cy3.
Northern Analysis. Northern analysis was performed to measure transcript levels of three ESTs and the control gene rp49 at four time points: 3 days, 25 days, 40 days, and 50 days. Poly(A) mRNA (1-2 g) was transferred to Hybond-N nylon membrane and hybridized with 32 P-labeled probes (Amersham Pharmacia). mRNA levels were measured by using the Fuji Film Image Reader (Fuji Photo Film). The changes in transcript levels were determined by the ratios of signals for older flies and signals for 3-day-old flies after normalization with rp49 signals.
Data Analysis. The microarray data were submitted and processed in the AMAD database designed by J. DeRisi (University of California, San Francisco). In each array, the Cy5͞Cy3 ratios that indicate changes in transcript levels were normalized with a normalization factor such that the ratio of total Cy5͞total Cy3
Abbreviations: EST, expressed sequence tag; Cy, fluorescent dye.
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.260496697. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.260496697 was equal to 1. For analysis, the data were filtered first to minimize the poorly hybridized spots. An EST spot in a microarray was excluded if it showed pixel-by-pixel regression correlation for the Cy3 and Cy5 measurements of less than 0.75 or if the value of either the Cy3 or the Cy5 fluorescence intensity was less than 150. A total of 7,387 ESTs that had at least one ratio value with fairly good quality of hybridization signals was selected. By using the CLUSTER program, age-regulated and paraquat-regulated ESTs were selected separately. The ageregulated ESTs were those with a greater than 1.8-fold change in at least three of the six 30-, 40-, and 50-day age arrays and with no more than five missing values in the 13 data points for the aging experiments. The paraquat-regulated ESTs were those with a greater than 1.8-fold change in at least three of the six 12-to-34-h arrays. The expression patterns of these ESTs were analyzed with the hierarchical clustering method. The TREE VIEW program was used to view the cluster images. All of these programs are available at http:͞͞www.microarrays.org. All of the ESTs discussed in this article were confirmed by sequencing.
Results and Discussion

Measuring Changes in Transcript Levels with Age and in Response to
Oxidative Stress. To study aging and its relationship to the oxidative stress response in D. melanogaster, we used the microarray technique to monitor expression patterns of approximately 8,000 ESTs (16). These ESTs represent more than 4,500 unique genes and cover 30-40% of the estimated total number of expressed genes in the Drosophila genome (15) . Age-related changes in transcript levels were measured by comparing 3-dayold w 1118 males to other males of six different ages: 10, 15, 25, 30, 40, and 50 days old. The median lifespan of w 1118 males is approximately 35 days under our assay conditions (Fig. 1) . To study the oxidative stress response, we compared 3-day-old males fed paraquat in a sucrose solution to those fed only sucrose. Paraquat is a free-radical generator and has been widely used for testing oxidative stress responses (19) . Response to paraquat treatment was examined at 3, 12, 25, and 34 h. The median mortality rate of paraquat-treated w 1118 males at these four time points was Ͻ0.1%, Ͻ0.5%, Ϸ54%, and Ϸ64%, respectively. Two microarrays were used for each time point by using samples isolated independently.
Validation of Microarray Data. To verify the microarray data, Northern analysis was performed to measure transcript levels of three ESTs at 3-, 25-, 40-, and 50-day time points (Table 1 ). The ratios measured by Northern analysis were similar to those measured by the microarray experiments. The similarity of duplicate microarray experiments at each time point was assessed by calculating the Pearson's correlation coefficient for 329 ESTs whose transcript levels were significantly altered with age and͞or in response to oxidative stress as discussed below (20, 21) . All duplicate arrays except for those at 15-day, 25-day, and 3-hour time points had a correlation coefficient of 0.8 or greater (Fig. 4A) , indicating a fairly good correlation between two sets of data (21) . The reliability of our experiments was also evident in the CLUSTER image shown in Fig. 4 . The greater the similarity between the expression patterns of two ESTs, the closer these ESTs are located in the CLUSTER image (20) . Different ESTs representing the same gene were almost always placed side by side or close to each other in the same cluster (see details at http:͞͞www.ucsf.edu͞jan). For example, three ESTs representing the same accessory gland protein (Acp) were placed side by side in cluster c5 (see Fig. 4B ). These control analyses verify the reliability of the microarray data.
Global Changes in Transcript Levels in Aging. We defined ageregulated ESTs as those showing a greater than 1.8-fold change in transcript levels in at least three of the six 30-, 40-, and 50-day aging arrays. A total of 132 ESTs, representing 127 genes, met this criterion and was categorized into two major clusters. Of these 132 ESTs, 43 ESTs in one cluster were up-regulated with increasing age, whereas 89 were down-regulated ( Fig. 2A ; details at http:͞͞www.ucsf.edu͞jan). Potential functions of previously uncharacterized genes were inferred based on predictions in the D. melanogaster genome database, Gadfly. Most of the 132 ESTs encode proteins with unknown functions or with functions whose roles in aging are unclear. However, some of these genes encode proteins with known or predicted functions that could account for age-related physiological changes. Below, we describe agedependent regulation of genes involved in reproduction, metabolism, and detoxification.
Age-Regulated Genes Involved in Reproductive Capacity. Decline in reproductive capacity is an age-related phenotype, and the reproductive system seems to play an important role in longevity (22) . For example, signals from germ cells can affect lifespan in C. elegans (23) . In our study, we observed decreased RNA levels for several genes involved in reproduction (Fig. 3) . These include two genes that encode members of the Acp family. The Acp from male flies stimulates female egg-laying and facilitates storage of sperm in the female genital tract (24) . In addition, two ESTs showing age-regulated decrease of transcript levels represent different genes with homology to Arabidopsis MALE STERIL- In Northern analysis, the ratios were calculated by dividing mRNA levels at 25-, 40-, and 50-day time points by those at 3-day time points after normalization with mRNA levels of the control gene rp49. Ratios in microarray analysis are provided from each of the duplicate experiments for comparison.
ITY 2 (MS2; ref. 25 ), a gene involved in gametogenesis. Furthermore, an EST with homology to peanut, a member of the septin family (26) , is down-regulated in older flies. This downregulation may reflect a decrease in spermatogenesis.
Age-Regulated Genes Involved in Metabolism. Metabolism is a physiological process that changes with age. We found ageregulated reduction in transcript levels of genes involved in various steps of several metabolic pathways (Fig. 3) . These include genes that encode fructose-1,6-bisphosphate aldolase (FBA), a homolog of aldose-1-epimerase, and a homolog of mitochondrial glycerol-3-phosphate dehydrogenase (GPD), all of which function in the metabolism of glucose and other sugars in glycolysis (27) . Interestingly, transcript levels of FBA and GPD have been shown to be up-regulated in calorically restricted mice (12) , which have up to a 2-fold longer lifespan than controls (28) . After glycolysis, a central step in metabolism is the tricarboxylic acid cycle in mitochondria (27) . We identified a gene encoding a homolog of aconitase, whose RNA levels decreased with increasing age (Fig. 3) . Age-regulated decrease of aconitase activity because of protein oxidation has been demonstrated in houseflies (29) . Our study indicates that down-regulation of transcript levels may reduce aconitase activities further in older flies. Another important step in metabolism in mitochondria is oxidative phosphorylation, which generates most of the energy in aerobically respirating cells. We observed that transcript levels of cytochrome c, a homolog of ubiquinol-cytochrome c reductase ubiquinone binding protein, ATP synthase ␤-subunit, and ADP͞ ATP translocase all decreased with age (Fig. 4) . Enzymes encoded by these genes are components of the electron transfer chain in mitochondria (27) .
Age-Regulated Genes Functioning as Detoxification Agents and Chap-
erones. Another feature of aging is a gradual decrease in resistance to various stresses such as heat shock and oxidative stress. In our study, we found age-related down-regulation of genes functioning as chaperones or detoxification agents (Fig. 4) . These include a gene encoding the small heat-shock protein Hsp26, alcohol dehydrogenase (Adh), ␣-tocopherol transferrelated protein, and a homolog of microsomal epoxide hydrolase (mEH). Small heat-shock proteins serve as molecular chaperones to protect proteins from various stressors (30) . mEH functions in detoxification by metabolizing reactive epoxide intermediates (31) . Adh is involved in alcohol detoxification (32) . ␣-Tocopherol, one form of vitamin E, is a major antioxidant in higher eukaryotes (9) .
Not all age-regulated genes encoding proteins with functions as chaperones or detoxification agents are down-regulated. Some of these genes are actually up-regulated, including a gene encoding glutathione S-transferase D1, a gene encoding a homolog of arsenite translocating ATPase, and a gene encoding a homolog of chaperone 60. Arsenite translocating ATPase functions in eliminating toxic arsenite (33) . Chaperone 60 is a major chaperone involved in proper protein folding (34) . Glutathione is a reductant important for detoxification, maintaining a reducing environment, and reducing protein disulfide bonds (35) .
Comparison of Genes Regulated with Age and in Response to
Oxidative Stress. To evaluate the relationship between aging and the oxidative stress response, we compared age-dependent changes in transcript levels to those caused by paraquat-induced oxidative stress. We defined paraquat-regulated ESTs as those displaying a greater than 1.8-fold change in at least three of the six 12-, 25-, and 34-h paraquat arrays. This criterion was passed by the 246 ESTs that represented 236 genes. When combined with 132 age-regulated ESTs, there were 329 ESTs whose transcript levels were significantly altered with age, oxidative stress, or both. The expression patterns of 295 of these 329 ESTs were analyzed and categorized into 20 clusters (Fig. 4; ref. 20) . The other 34 were excluded from the analysis, because they were missing 6 or more of the 21 data points.
Genes That Are Primarily Regulated with Age. Clusters 1, 2, 3, 4, 11, and 12 consist of genes primarily regulated with age. These include a homolog of selenocysteine methyltransferase in cluster 1, FBA in cluster 2, and ATP synthase ␤-subunit in cluster 3 (Fig.  4) . In addition, the homolog of aconitase, not included in the 20 clusters, is down-regulated primarily with increasing age. Expression patterns of these genes suggest that free radicals have little effect on regulating the transcript levels of these metabolic genes, which may not play a significant role in free-radical generation.
Genes That Are Primarily Regulated in Response to Oxidative Stress.
Clusters 8, 9, 14, and 16 to 20 include genes primarily regulated by paraquat treatment. Genes in clusters 8 and 9 show a decrease in transcript levels in response to paraquat treatment. A group of genes involved in fatty acid metabolism are in these clusters, including fatty acid desaturase, fatty acid CoA ligase, and acetyl-CoA carboxylase. Because fatty acid metabolism is a major source of free radicals in the cell, reduction of transcript levels of these genes may reflect a defense mechanism in response to oxidative stress by reduction of free-radical generation. None of the age-regulated genes seem to be directly involved in fatty acid metabolism. Thus, it seems that this defense mechanism is not used by aging flies to confront the accumulated reactive oxygen species.
The ESTs in clusters 16 to 20 show an increase in transcript levels with paraquat treatment. A number of genes in these clusters encode proteins functioning in antioxidant defense, such as glutathione S-transferases and a homolog of triglyceride lipase. Some of them seem to be regulated coordinately. For example, a homolog of glutathione S-transferase and a homolog of hydrooxyacylglutathione hydrolase, potentially involved in detoxification, were found side by side in cluster 16, indicating a high similarity in the transcript patterns of these two genes. This similarity may be caused by a coordinated regulation of these two genes under oxidative stress, because the hydrooxyacylglutathione hydrolase uses glutathione as a cofactor to detoxify 2-oxoaldhydes in the cell (36) .
Genes That Were Regulated with Both Age and Oxidative Stress.
There are 47 ESTs, representing 42 genes, that are coregulated with age and oxidative stress, including clusters 5, 6, 7, and 15 ( Figs. 2 and 4) . The total number of coregulated genes accounted for 33% (42:127) of all of the age-regulated genes and 18% (42:236) of all of the paraquat-regulated genes, suggesting that free radicals play a significant role in regulating transcription in aging. Most of the coregulated ESTs encode proteins with unknown functions or with functions whose roles in aging and͞or oxidative stress responses are not clear. Some of the coregulated ESTs, however, fell into four functional classes. The ESTs in clusters 5, 6, and 7 displayed a decrease in transcript levels, both with increasing age and in response to oxidative stress. Three functional groups of genes are prominent in these three clusters. One functional group includes two genes encoding serine proteases in cluster 6 and one gene encoding a homolog of carboxypeptidase A in cluster 7, suggesting those free radicals that are accumulated during aging reduce protein turnover (37) . The second functional group includes three genes, encoding an Acp and a homolog of MS2 in cluster 7 and an Acp in cluster 5, which are involved potentially in reproductive capacity. Additional proteases, such as metalloendopeptidase and serine protease, and additional reproduction-related genes, such as another homolog of MS2 and ornithine carboxylase (the later is involved in spermidine synthesis) in cluster 8, were down-regulated in response to oxidative stress but not aging. It thus seems that reproduction and protein degradation are important sources for free-radical production. A defense mechanism used in aging and oxidative stress response seems to reduce transcript levels of proteases and genes involved in reproduction. The third functional group included the ubiquinone binding protein in cluster 7, which encoded enzymes involved in energy production in mitochondria. Given that most of the free radicals in the cell are generated in the mitochondria (9) , one way to reduce the production of free radicals might be the down-regulation of mitochondrial enzymes whose activities generate free radicals. Cluster 15 consists of genes up-regulated with both age and paraquat treatment, including genes that are involved in detoxification and homologs of arsenite-translocating ATPase and glutathione S-transferase D1. It thus seems that part of the aging process involves the up-regulation of genes encoding chaperones or detoxification agents in response to oxidative stress and the down-regulation of genes responsible for both energy production and free-radical generation. Global View of Regulation at Transcript Levels in Aging. We found that the aging process in D. melanogaster is accompanied by reduction of transcript levels for genes involved in reproduction, metabolism, and protein turnover. Some genes that encode detoxification agents and chaperones are up-regulated, whereas others down-regulate with aging. One-third of the age-regulated genes show significant changes in response to oxidative stress. These changes suggest a response to free radicals that accumulated with increasing age accounts for a significant part of age-regulated changes in transcript levels. The response to oxidative stressors that accumulated during aging includes upregulating genes to counteract oxidative damage and downregulating genes whose activities increase endogenous oxidant levels. However, more than 60% of the age-regulated genes show no or little response to oxidative stress; therefore, free radicals are not the only causal factor in aging. Additionally, more than 80% of paraquat-regulated genes show no or small change in transcript levels in aging, suggesting free radicals that accumulated during aging do not elicit a full response to oxidative stress.
Lee et al. (12, 13) have used a similar genome-wide approach to examine changes associated with aging in the mouse. They examined expression patterns of 6,347 genes, representing 5-10% of the mouse genome, in the aging muscle and brain. Without ready access to the sequences of all of the ESTs surveyed in the mouse studies and in our study, a direct comparison among all ESTs is difficult. We compared, however, age-regulated genes identified in mouse in the previous studies (about 110 genes in each of the mouse studies) and in fly in this study (127 genes). We did not find any genes that are regulated in the same direction in aging of these two species. One gene, FBA, was found up-regulated in aging mouse neocortex but down-regulated in aging flies, suggesting differences in agingrelated regulation at the level of individual genes. Common themes of aging-related regulation were observed, however, at the level of cellular functions. Down-regulation of genes in energy metabolism and protein turnover was observed both in fly and mouse, although different sets of genes were involved. Of genes encoding proteins as detoxification agents and chaperones, some displayed an increase and some a decrease in transcript levels with aging in fly and mouse. Taken altogether, these results suggest that these two species alter their cellular processes in a similar way during aging but do so through the regulation of distinct genes.
Genes that have significant changes in their RNA levels with increasing age can serve as molecular markers for aging. Some of these genes may encode molecules that are causal factors in aging. Alternatively, regulation of certain genes may reflect changes as a consequence of aging. The characterization of changes in gene expression per se does not allow one to distinguish between these two types of genes. However, this study singles out candidates for further analysis. Characterizations of these genes and the biological pathways involved could facilitate our understanding of aging and longevity at the genetic level and help us gain insight into the mechanisms of aging.
